All camera designs for Small-Sized telescopes (SSTs) proposed for the Cherenkov Telescope Array (CTA) utilize silicon photomultipliers (SiPM) as their baseline photon sensor technology. The dual-mirror SST (SST-2M) has a smaller plate scale (i.e. image size) than the single-mirror SST, allowing it to employ 2,000 square SiPMs with pixel sizes of approximately 6 mm, close to the mainstream SiPM sizes.
Introduction
The Cherenkov Telescope Array (CTA) [1] is a project to build the next generation ground-based gamma-ray observatory, employing three telescope design groupings, the Large, Medium and Small-sized Telescope (SST) arrays to enhance the sensitivity over current facilities by up to an order of magnitude [2] in the 100 GeV to 10 TeV range and extend the accessible energy range from well below 100 GeV to above 100 TeV. The SST array is optimized for sensitivity and coverage from a few TeV to 300 TeV.
We plan to deploy ∼ 70 SSTs over an area of several km 2 in order to achieve the sensitivity requirement. Because of the large number of telescopes required, cost reduction is critical for the SST. The cost of the optics is reduced by reducing the size of the telescope. However, the camera cost cannot be reduced by simply shrinking its size, due to the minimum number of pixels required (> 1,000) and the relatively high unit cost of traditional photon sensing photomultiplier tubes. In order to mitigate this problem, the SST utilizes silicon photomultipliers (SiPMs) as the baseline photon sensor technology [3] . Although the unit cost of SiPMs is low (in the order of tens of euros instead of hundreds of euros for phototubes), it is still expensive to cover the entire focal plane of the single-mirror SST design. One solution is to employ a light concentrator in front of each SiPM so that the effective collection area of the SiPM can be expanded, but with some loss of photons. The other solution is to employ dual-mirror optics which have a smaller plate scale (i.e. image size) than the single-mirror SST, allowing them to employ ∼ 2,000 square SiPMs with pixel sizes of approximately 6 mm, close to the mainstream SiPM sizes.
In this paper, we report on the characterization of a variety of SiPM technologies for dual-mirror SST (SST-2M) cameras, which is being undertaken in parallel within several groups belong to the consortia building CTA SST-2M telescopes.
Requirements on photodetectors
In CTA, Cherenkov photons produced by gamma-ray showers are observed which peaks around 350 nm and arrives within a few to a few tens of ns. Because of this, good photon detection efficiency (PDE) at from near UV to blue and ns order timing are important for photodetectors. Since the angular range of the incident photon impinging on the focal plane is 30-60 • in the dual-mirror SSTs, the PDEs in these angles are relevant. The greatest challenge for photodetectors in CTA comes from the night sky background (NSB) whose rate is typically ∼ 25 Mcounts/s/pixel (> 100 Mcounts/s/pixel at maximum). It peaks above 550 nm and places severe constraints on the trigger capability due to accidental coincidence on neighboring pixels. In order to suppress such events, it is necessary to reduce optical crosstalk (OCT), a mechanism whereby a single incident photon can produce multiple avalanches in the SiPM, while still enhancing the PDE. These are, in general, contradicting requirements.
We have tested a variety of SiPM devices utilizing different technologies from Hamamatsu, FBK and SensL, and of different pixel sizes and individual cell sizes. In this paper, we focus on the test results of Hamamatsu devices due to availabilities of variety of pixel and cell sizes. LCT5 (Low CrossTalk 5th generation) devices from Hamamatsu employ narrow trenches between avalanche cells in order to prevent spread of photons produced by electron-hole pairs in the avalanche while minimizing the loss of the incident photons due to cell gaps. LVR (Low Breakdown Voltage) devices from Hamamatsu employ the same cell structure as LCT5 with a lower breakdown voltage and higher cell capacitance, resulting in higher PDE at a lower over voltage while the OCT rate is still low. (The typical breakdown voltage of LVR devises is 37 V while the breakdown voltage of LCT5 devices is 52 V.) LVR2 has improved optical crosstalks due to optimized manufacturing processes. Table 1 summarizes the specifications of the tested devices.
Photon detection efficiency
The PDE is measured by counting the average number of detected photons in coincidence with the pulsed light source (LED or laser) with respect to the number of incident photons. In order to avoid the effect of the OCT, we measure the probability of detecting 0 photons and derive the average assuming the Poisson statistics. The number of incident photon is calibrated using a calibrated photodiode at the Catania site, and using a reference SiPM at the Nagoya site. (Since the absolute PDE of the reference SiPM is calibrated using the Catania measurements, absolute PDE scales of the Catania and Nagoya measurements are not independent.) The effect of dark-noise count is taken into account by repeating the same measurement in the dark condition. Fig. 1(a) shows the PDE as a function of the over voltage for the wavelength of 405 nm measured at Nagoya. (The PDEs are measured at 405 nm at both sites throughout the paper unless otherwise noted.) We observe some clustering due to cell size and pixel size differences and also due to the technology differences. In order to account for known dependences on the cell fill factor and breakdown voltage, Fig. 1(b) shows the PDE divided by fill factor as a function of the ratio of the over voltage relative to the breakdown voltage. As a result, we find S13360-3050CS gives 5% better PDE than other types of SiPMs and LVR2 devices show 5% worse PDE than other types of SiPMs. The PDE results for S13360-3050CS may be outliers because we do not find any particular reason why this cell size and pixel size combination gives better PDE than others with the same technology. Since we use a collimated light source (the diameter of the light is about 1 mm), difference may arise from the position of the exposure. Some of SiPMs tested at Nagoya site were sent to Catania for verification and PDEs are measured as shown in Fig. 1(c) . We do not observe any strong dependence on technologies although we also find two outliers. The fact that most devices follow the same curve indicates that we can estimate the PDE by scaling the fill factor and the relative over voltage.
Since we prefer photodetectors with good sensitivity in blue-UV region and poor sensitivity in red-IR region, we compared the PDE dependence on the wavelength between LVR and LCT5 at an over voltage of 3 V as shown in Fig. 2 . We find that the red sensitivity of LVR is suppressed by 15% than the blue sensitivity compared with LCT5 due to thinner active depth. Methods Another important requirement on the PDE is angular dependence since the incident photon angle is mostly 30-60 • in the dual-mirror SSTs. Fig. 3 shows the PDE dependence on the incident angle measured at the Catania site [4] . We find more or less constant PDE up to 65 • .
Optical crosstalk
The OCT rate is measured as a fraction of the events with two or more photo-electrons with respect to the number of the dark-noise counts assuming that the dark-noise counts only produce one photo-electron initially. Since the dark-noise count rate can be as high as a few MHz at room temperatures at high over voltages, two photo-electron events due to chance coincidence of two independent dark-noise counts are not negligible. In order to suppress such events, waveforms from SiPMs are digitally recorded with 500 MHz bandwidth and 4 Gsps sampling rate at the Nagoya site and digital filtering are applied with an ability to separate two pulses as short as 5 ns apart. Remaining chance coincidence rate is corrected for using the measured dark-noise count rates. At the Catania site, the OCT is measured using a 15-ns bipolar shaper at a temperature of 2 • C where the chance coincidence of the dark-noise counts is not significant. Fig. 4(a) shows the OCT rate as a function of the over voltage measured at Nagoya. Since OCT rate depends on many factors, it will be useful to take out known factors such as cell capacitance. Fig. 4(b) shows the OCT scaled by the cell area and cell depth (assuming cell depth is proportional to the break down voltage). We find that 6-mm pixel size yields worse OCT rate than 3-mm pixel size, which indicates that the major part of the OCT can propagate more than 3 mm. We also observe that LVR devices tend to have higher OCT than LCT5 and LVR2 even after taking into account the larger cell capacitance due to thinner active cell. In order to investigate the role of the protection coating on the OCT, the OCT rate is measured for SiPMs with different coating thickness (no coating, 100 μm, 300 μm and 450 μm) as shown in Fig. 5 . The lowest OCT rate is observed for the SiPM with no coating clearing indicating that the OCT is propagated via the protection coating. We also find that the OCT rate can be suppressed with thicker coating thickness when the thickness is greater than the cell size. This is because the photons that are reflected at the surface of the protection coating tend to travel longer before coming back to the SiPM cell and have may get out of the pixel boundary with thicker coating. Fig. 6 compares the OCT rate as a function of the over voltage for the exactly same SiPMs measured at Nagoya and Catania. The OCT rate measured at Catania is systematically higher than that at Nagoya. Since the chance coincidence of two or more dark-noise counts are taken into account at the both sites, it is not the dominant origin of the difference at the both sites. We suspect that the difference is mainly due to delayed OCT where the crosstalk photon is converted in the non-depleted region and move to avalanche region by diffusion. Typical time scale of the delayed OCT is less than 20 ns [5] , which can explain that the higher OCT rate is due to a longer shaping time of 15 ns at Catania.
PDE vs OCT rate
As described in Section 2, higher PDE at lower OCT rate is preferred in CTA. However, both PDE and OCT rate increases with higher over voltage with different over voltage dependence. Assuming the pulse shape of 10 ns FWHM, the effect of OCT becomes sub-dominant compared with the chance coincidence of 25 MHz NSB if the OCT rate is less than 5%. Fig. 7 shows the PDE as a function of the OCT rate measured at Nagoya. This result indicates that S13360-3050CS (LVR SiPM with 50 μm cell size and 3 mm pixel size) yields the highest PDE for the OCT rate above 5% among SiPM manufactured by Hamamatsu Photonics. Since S13360-3050CS yields 5% higher PDE than any other SiPMs with scaling, this result needs further verifications. 
Mathematical modeling of SiPM pulse height distribution
We have also investigated a mathematical modeling technique to fit the SiPM pulse height distribution using the camera electronics themselves, to achieve the best possible in-situ SiPM characterization after camera installation in the telescope. Fig. 8 shows the success of fitting a Generalized Poisson distribution [6, 7] to the SiPM pulse height Methods in Physics Research, A (2017), https://doi.org/10.1016/j.nima.2017.11.017.
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distribution produced from a pulsed laser input. The parameters of the fitted distribution allow the direct extraction of SiPM gain, optical crosstalk, and electronic and detector gain fluctuation characteristics.
Summary
We have characterized several types of SiPMs from Hamamatsu utilizing different technologies suppressing the OCT while enhancing the PDE at lower over voltage. We find that the PDE can be described very well by the fill factor and the relative over voltage and the OCT measurement depends on the shaping time of the waveform. We also find that the OCT rate can be suppressed by optimizing the thickness of the protection coating.
